Analysis of two exopolysaccharide-deficient mutants of Rhizobium leguminosarum, RBL5808 and RBL5812, revealed independent Tn5 transposon integrations in a single gene, designated exo5. As judged from structural and functional homology, this gene encodes a UDP-glucose dehydrogenase responsible for the oxidation of UDP-glucose to UDP-glucuronic acid. A mutation in exo5 affects all glucuronic acid-containing polysaccharides and, consequently, all galacturonic acid-containing polysaccharides. Exo5-deficient rhizobia do not produce extracellular polysaccharide (EPS) or capsular polysaccharide (CPS), both of which contain glucuronic acid. Carbohydrate composition analysis and nuclear magnetic resonance studies demonstrated that EPS and CPS from the parent strain have very similar structures. Lipopolysaccharide (LPS) molecules produced by the mutant strains are deficient in galacturonic acid, which is normally present in the core and lipid A portions of the LPS. The sensitivity of exo5 mutant rhizobia to hydrophobic compounds shows the involvement of the galacturonic acid residues in the outer membrane structure. Nodulation studies with Vicia sativa subsp. nigra showed that exo5 mutant rhizobia are impaired in successful infection thread colonization. This is caused by strong agglutination of EPS-deficient bacteria in the root hair curl. Root infection could be restored by simultaneous inoculation with a Nod factor-defective strain which retained the ability to produce EPS and CPS. However, in this case colonization of the nodule tissue was impaired.
Bacterial surface polysaccharides are essential for the establishment of successful interactions between many pathogenic and symbiotic bacteria and their corresponding host plants. Polysaccharide-deficient bacteria often show reduced virulence and reduced attachment to host tissue and can induce a rapid defense reaction in the host, in contrast to wild-type bacteria (21, 49) . However, the exact function of many of the different surface polysaccharides in these interactions remains unclear. In the case of the symbiotic interaction between the soil bacterium Rhizobium leguminosarum and the roots of the host plant Vicia sativa subsp. nigra, production of bacterial polysaccharides is crucial. During this symbiosis the bacteria induce, under nitrogen-limited conditions, expression of nodulationrelated plant genes, resulting in the formation of nodules on the plant root. Bacteria attach to root hair tips, induce root hair curling, and ultimately invade the nodule cells via infection threads, which are tubular structures formed by invagination of root cell membranes (29) . After being released from an infection thread into a nodule cell by endocytosis, the bacteria continue to divide and fill the cytoplasm of the nodule cell. Next, the bacteria develop pleomorphic forms called bacteroids which are capable of fixing atmospheric nitrogen into ammonia for the benefit of the plant (48) . Inside nodule cells, the bacteria are individually surrounded by a membrane of plant origin. Bacterial growth in and release from the infection threads, as well as maintenance inside the nodule cells, require the production of bacterial surface polysaccharides.
The polysaccharide capsule of R. leguminosarum is composed of a number of different polysaccharides, such as the O chain of lipopolysaccharides (LPS), capsular polysaccharides (CPS), and neutral ␤-1,2-glucans. LPS are complex molecules containing a lipid A domain, which is embedded in the outer membrane layer of the bacterium, and a core, which links a polysaccharide O chain to the lipid part of the molecule. Negatively charged domains within the LPS molecule have been suggested to confer stability to the bacterial membrane, probably by cross-linking with divalent cations (30) . The structure of R. leguminosarum LPS was elucidated recently, and the core and lipid A domains were shown to be identical to those of Rhizobium etli (18, 27) . LPS molecules are strong inducers of the immune response in vertebrates and can induce defense responses in some plants as well (25, 31) . Some rhizobia whose LPS are affected show sensitivity to antimicrobial compounds and altered nodulation phenotypes on the corresponding host plants (20) . CPS are molecules that form a polysaccharide matrix surrounding the bacteria. In late-stationary-phase cultures, CPS are replaced by a polysaccharide with strong gelforming properties having an unknown function (74) . Neutral ␤-1,2-glucans are present primarily in the periplasm but are also found in the capsule, as well as in the culture medium (13) . Another polysaccharide that is also secreted into the culture medium is exopolysaccharide (EPS). This acidic polysaccharide consists of octameric repeat units, and the size of the molecule is determined by the number of subunit repetitions (60) . Production of EPS is essential for successful nodulation of host plants and formation of indeterminate nodules (40, 70) . Some authors have reported that addition of micromolar quantities of purified low-molecular-weight EPS restores infection thread formation in an EPS-deficient strain, which suggests that EPS has a signaling function rather than a structural function in the formation of an infection thread (4, 23, 63) .
Mutants affected in polysaccharide production are useful tools for studying the role of these different polysaccharides in nodulation. The present study shows that transposon mutagenesis of R. leguminosarum resulted in identification of a gene involved in EPS and CPS production, as well as in LPS modification. This gene, designated exo5, is a homologue of the rkpK gene of Sinorhizobium meliloti. In S. meliloti, rkpK encodes a UDP-glucose (UDP-Glc) dehydrogenase, which is responsible for the oxidation of UDP-Glc to UDP-glucuronic acid (UDP-GlcA) (37) . GlcA is primarily present in the backbone of the EPS molecule of R. leguminosarum (60) . Moreover, UDP-GlcA is the precursor for the formation of UDPgalacturonic acid (UDP-GalA), which is present as GalA in the core of the R. leguminosarum LPS molecule. In this study the effect of Exo5 deficiency on the production of the different polysaccharides and on outer membrane permeability was examined. In addition, the nodulation of V. sativa subsp. nigra by exo5 mutant bacteria was compared to that of wild-type R. leguminosarum bacteria.
MATERIALS AND METHODS
R. leguminosarum and E. coli strains and plasmids are shown in Table 1 . R. leguminosarum was grown in YMB (34) and TY (5) culture media, and E. coli was grown in LC medium (44) containing the appropriate antibiotics. MICs were determined by an agar dilution method. Dilutions of sodium dodecyl sulfate (SDS) in YMB agar plates were prepared, and a bacterial suspension containing approximately 400 CFU was applied with a Drigalsky spatula. The plates were incubated for 6 days at 28°C.
Mutagenesis. Random Tn5 mutagenesis of R. leguminosarum RBL5523 yielded colonies affected in the production of EPS, which were identified by reduced fluorescence in the presence of calcofluor, as described by Leigh et al. (42) . Construction of a genomic library of RBL5515 has been described previously by Roest et al. (61) . Transfer of plasmids was carried out by triparental conjugal mating as described previously (22) ; pRK2013 was used as a helper plasmid. Cosmids which restored EPS production were subjected to in vitro Tn7 transposon mutagenesis by using the GPS-1 genome priming system (New England Biolabs, Beverly, Mass.). Sequencing from Tn7 priming sites present in cosmids which had lost the ability to restore EPS production allowed construction of primers for amplification and cloning of the exo5 gene (GenBank accession no. AY312509).
Plasmid pMP4695 contains a green fluorescent protein (GFP)-gentamicin resistance cassette flanked by 431 bp of the pssD open reading frame and 451 bp of the pssE open reading frame. EPS deficiency in an exoB mutant background was obtained upon introduction of plasmid pMP4695 by triparental conjugal mating as described above. R. leguminosarum is unable to replicate pMP4695, which resulted in integration of the GFP-gentamicin cassette into the genome based on homologous recombination, resulting in strain RBL5975. EPS-deficient, gentamicin-resistant colonies were selected from solid agar plates and screened for the presence of GFP fluorescence and tetracycline sensitivity. Introduction of pMP3034 (68) containing the pssD-pssE operon restored EPS production in this strain.
Isolation of polysaccharides. EPS present in the supernatant of a stationary culture grown in B Ϫ medium (65) was precipitated by addition of 3 volumes of ice-cold ethanol, lyophilized, and analyzed on a DEAE-Sephadex A-25 column for the presence of acidic polysaccharides (24) . The hexose contents of the different fractions were determined by the orcinol-sulfuric acid method (47) . Supernatants of cultures of EPS-deficient strains were concentrated 10-fold, dialyzed extensively against water by using dialysis tubing with a 12-to 14-kDa cutoff (Medicell Int., London, United Kingdom), lyophilized, subjected to DEAESephadex A-25 chromatography, and analyzed for the presence of hexoses as described above.
CPS were isolated from B Ϫ medium-grown bacteria by the method of Breedveld et al. (13) and were analyzed by ion-exchange chromatography as described above for EPS.
LPS were isolated by the TEA-EDTA method, as described by Valverde et al. (64) , dialyzed, lyophilized, and purified by affinity chromatography (Detoxigel; Pierce). Purified LPS were analyzed on 18% deoxycholic acid-polyacrylamide gel electrophoresis (PAGE) gels (57) and were visualized by silver staining (BioRad).
Analytical procedures. Glycosyl composition analysis was performed by combined gas chromatography-mass spectrometry (GC-MS) of per-O-trimethylsilyl derivatives of the monosaccharide methyl glycosides produced from a sample by acidic methanolysis. A myo-inositol internal standard (20 g) was added to each dried sample. Methyl glycoside derivatives were prepared from 0.10-mg portions of dry samples by methanolysis with 1 M HCl in methanol at 80°C (18 to 22 h), followed by N acetylation with pyridine and acetic anhydride in methanol (for detection of amino sugars). The samples were then per-O-trimethylsilylated by treatment with Tri-Sil (Pierce) at 80°C (0.5 h). These procedures were carried out as previously described (46, 73) . GC-MS analysis of the per-O-trimethylsilyl methyl glycosides was performed with an HP 5890 GC interfaced with a 5970 MSD by using an Alltech AT-1 fused silica capillary column. Methyl glycoside derivatives of various monosaccharide standards were also prepared and analyzed by GC-MS for comparison with the sample peaks. Glycosyl linkages were determined by methylation analysis. The samples were methylated with methyl iodide in dimethyl sulfoxide containing dimethyl sulfoxide anion by using the Hakomori procedure, as previously described by York et al. (73) . The methylated samples were then converted to partially methylated alditol acetates as previously described (73) and were analyzed by GC-MS.
Proton nuclear magnetic resonance (NMR) spectroscopy was performed by using a Varian 300-MHz instrument. The samples were prepared for NMR analysis by repeated (two times) lyophilization from D 2 O and were dissolved in D 2 O for analysis.
Plant assays. Seeds of V. sativa subsp. nigra were sterilized and allowed to germinate as previously described by van Brussel et al. (66) . Germinated seeds were placed on top of a perforated cap on a 30-ml dark glass vial containing Jensen medium (71), from which the precipitate of insoluble salts was removed. To inhibit the formation of ethylene, the medium was supplemented with aminoethoxyvinylglycine at a final concentration of 0.1 mg/liter. The growth and nodulation conditions were identical to those described by van Brussel et al. (66) . Reisolation of rhizobia from nodule tissue was carried out as described by van Workum et al. (69) .
To enhance visualization of rhizobia on the roots, the bacteria carried a fusion of the E. coli lacZ reporter gene to the promoter of the S. meliloti hemA gene (43) . Staining was carried out as described by Boivin and colleagues (8) with 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) as a substrate. Nodules stained for LacZ were embedded in Technovit 7100 (Heraeus Kulzer, Wehrheim, Germany) used according to the manufacturer's recommendations. Transverse serial 6-m sections were stained with a 1% solution of toluidine blue and investigated by light microscopy. Images were recorded with a DKC-5000 digital photo camera (Sony, Tokyo, Japan), converted to grayscale if appropriate, and corrected for brightness and contrast with Adobe Photoshop software (Adobe, San Jose, Calif.).
RESULTS
Identification of the exo5 gene. By using Tn5 transposon mutagenesis, carried out in a R. leguminosarum RBL5523 background, several EPS-deficient mutants have been identified, some of which have been described previously (16, 68) . This screening procedure also resulted in isolation of the nonmucoid mutant strains exo5 and exo54. Cosmids able to restore mucoidy were isolated, in all cases in both exo5 and exo54. This suggested that the two mutant strains contain a Tn5 insertion in either the same gene or in two closely linked genes involved in EPS production. DNA from two of these cosmids, 12c2 and 8c2, was subjected to in vitro Tn7 transposon mutagenesis and introduced into E. coli DH5␣. Chloramphenicol-resistant clones were transferred to exo5 and exo54 by triparental mating and screened for the inability to restore EPS production. Three independently obtained cosmids, 12c2-31, 8c2-34, and 8c2-45, each of which lacked the ability to rescue the mutant phenotype in exo5 and exo54, were identified. Sequencing directly from priming sites in the boarders of the Tn7 transposon resulted in overlapping sequences from which a single, fulllength open reading frame (ORF) could be identified. This ORF is 1,326 bp long and has a deduced level of amino acid identity of 80.4% with the S. meliloti rkpK gene (37) . Original Tn5 insertions were identified by PCR by using Tn5 and genespecific primers, followed by sequencing. Insertion sites were located in a single ORF at 1,266 and 352 bp downstream of the start codon for exo5 and exo54, respectively. Introduction of the full-length ORF, including a 97-bp putative promoter region from R. leguminosarum RBL5523 on plasmid pMP4692, resulted in restoration of EPS production in exo5 and exo54. Both pAT330 and pMP4694, containing the S. meliloti rkpK gene, restored EPS production in the two mutant strains. In this paper, the gene identified is designated exo5, the apparent rkpK homologue in R. leguminosarum.
Exo5 is involved in surface polysaccharide production. Mutations in exo5 have a severe effect on the amount of EPS secreted. No acidic EPS could be isolated from the supernatant of an exo5 culture in B Ϫ minimal medium, as judged by DEAE-Sephadex A-25 ion-exchange chromatography. Production of acidic EPS was completely restored after introduction of the exo5 gene or rkpK. The S. meliloti RkpK protein has UDP-Glc dehydrogenase activity, which is responsible for the oxidation of UDP-Glc to UDP-GlcA (37) . GlcA is specifically present in the backbone of the R. leguminosarum EPS repeat unit ( Fig. 1) , which explains the EPS deficiency of the exo5 mutant.
Interestingly, when exo5 was grown on YMB medium plates supplemented with SDS, a decreased MIC of SDS (0.12 mg/ ml) was observed. For wild-type bacteria and an exclusively EPS-deficient strain with a mutation in the pssD gene the MIC of SDS was 0.20 mg/ml. Introduction of exo5 or rkpK into strain exo5 restored the MICs to those of wild-type bacteria. This suggested that there was an additional defect in the exo5 mutant. Sensitivity to hydrophobic compounds, such as SDS, has been described previously for some rhizobia affected in the production of LPS (20) . In the same genetic background as exo5 and pssD mutants, an O-chain-defective LPS mutant has been identified previously (16) . This exoB mutant is unable to convert UDP-Glc to UDP-galactose, which is necessary for addition of an O chain to the core of the LPS molecule (Fig. 2) . The absence of an O chain in the exoB mutant did not seem to affect the sensitivity to SDS since the MICs were identical to those determined for wild-type bacteria. However, production of residual amounts of galactose-deficient EPS by the exoB mutant may have conferred some degree of SDS resistance. To test for SDS resistance by production of EPS, an EPS-deficient strain was constructed by insertion of a GFP-gentamicin resistance cassette into the pssD-pssE operon in an exoB mutant background. This resulted in a lack of EPS production, together with an inability to produce the polysaccharide O chain of the LPS molecule. The pssDE-exoB double mutant was not affected in SDS sensitivity, demonstrating that neither EPS nor the O chain is involved in resistance to SDS. LPS was isolated from exo5 and from the wild-type strain R. leguminosarum RBL5523. After PAGE of the LPS samples, the intensity of the O-chain-deficient LPS II band was increased compared to that of RBL5523 (Fig. 3) . The intensity of this LPS II band could be returned to wild-type levels by introduction of plasmid pMP4692 into strain exo5. To identify differences in the exo5 LPS molecule compared to a wild-type LPS fraction, the purified LPS samples were subjected to a carbohydrate composition analysis. The results of this analysis are shown in Table 2 . Most notably, the exo5 LPS sample appeared to lack GalA, whereas the wild-type LPS sample contained a substantial amount of GalA. Studies of LPS from various R. leguminosarum strains revealed a core and lipid A structure similar to that identified for R. etli CE3 (36). We were able to attribute most of the carbohydrates identified, such as mannose, galactose, GalA, and 3-deoxy-D-manno-2-octulosonic acid, to the core of the R. leguminosarum RBL5523 LPS molecule (Fig. 2) . Substantial amounts of Glc and N-acetylquinovosamine (QuiNAc) found in both samples could not be attributed to either the core or lipid A and therefore likely represent the O-chain portion of the LPS molecule. Small differences in the relative percentages of LPS carbohydrates between the wild type and exo5 may have been caused by differences in culture age. SDS sensitivity is likely to be caused by the absence of GalA moieties in the core and lipid A portions of the LPS molecule. Apparently, like the LPS of enteric bacteria, the negatively charged core of Rhizobium LPS is associated with resistance to hydrophobic compounds and outer membrane stability (26) .
CPS production is affected in EPS-deficient strains. Production of other bacterial surface polysaccharides, such as neutral glucan and soluble and insoluble CPS, was also examined. Neutral glucan was present in the culture medium of the exo5 (27, 36) . The lipid A portion is heterogeneous in its fatty acyl components; the N-fatty acyl substituents are ␤-hydroxymyristic acid, ␤-hydroxypalmitic acid, and ␤-hydroxystearic acid, and the predominant fatty acid is ␤-hydroxymyristic acid (6, 7). In addition, the fatty acyl residue at position 3 of the 2-aminogluconic acid residue is absent in some of the molecules (52) . Also, the 2-aminogluconic acid residue is sometimes present as a glucosamine residue in some of the molecules (52-54). Kdo, 3-deoxy-D-manno-2-octulosonic acid; Man, mannose; Gal, galactose; GlcN, glucosamine; GlcN-onate, 2-aminogluconic acid; ␤OHC14:0, ␤-hydroxymyristic acid; ␤OHC16:0, ␤-hydroxypalmitic acid; ␤OHC18:0, ␤-hydroxystearic acid; 27OHC28:0, 27-hydroxyoctacosanoic acid; ␤OHC4:0, ␤-hydroxybutyric acid. mutant strain, and production in this strain did not appear to be affected when it was compared to that in wild-type strain RBL5523. CPS fractions of the RBL5523, EXO5, and PSSD strains were isolated by the method of Breedveld et al. (13) , and this was followed by DEAE-Sephadex A-25 ion-exchange chromatography. In the case of RBL5523, this procedure resulted in two fractions, a large neutral glucan fraction present in the void volume of the column and an acidic CPS fraction which could be eluted from the column with a sodium chloride gradient. In the case of the exo5 and pssD mutants, only a neutral glucan fraction was found, and no acidic polysaccharides were eluted from the column with a sodium chloride gradient up to a concentration of 1 M. Both the CPS and glucan samples of RBL5523 were subjected to a carbohydrate composition analysis. The neutral glucan sample consisted of 100% Glc, whereas the acidic CPS fraction had a carbohydrate composition similar to that described previously for EPS of R. leguminosarum (data not shown) ( Fig. 1) (50, 60) . In order to obtain additional structural data, the acidic CPS sample was characterized by NMR and methylation analyses (data not shown). Both the NMR spectrum and the methylation analysis confirmed that acidic CPS has the same characteristics as those reported for EPS from R. leguminosarum (50, 60) . This explains the absence of CPS in the exo5 and pssD mutants. Insoluble CPS, such as those described by Zevenhuizen and van Neerven (74), could not be isolated from the bacteria until the culture reached the late stationary phase, and they were found in capsular fractions of both RBL5523 and exo5. Infection studies. Inoculation of V. sativa subsp. nigra seedlings with wild-type R. leguminosarum RBL5523 resulted in root nodule formation within 7 days. Seedlings inoculated with the exo5 mutant did not develop nodules within 21 days. After 21 days, the main root was covered with primordia and had severe swellings likely to be caused by Nod factor-induced production of ethylene (67) . Introduction of plasmid pMP4692, containing exo5, into the mutant restored nodulation to wildtype levels. The stage at which exo5-induced nodulation of V. sativa roots was aborted was examined further by using lacZ-labeled bacteria. Staining of the roots for LacZ activity revealed that exo5 bacteria were densely packed and fixed inside the root hair curls. In some cases, an infection thread was initiated which appeared to be aborted shortly after initiation (Fig. 4A) . EXO5 bacteria failed to successfully colonize the initiated infection thread, resulting in an area at the tip of the infection thread devoid of bacteria (Fig. 4A ). Attempts to restore infection thread formation by adding purified EPS from cultures of RBL5523 bacteria at concentrations ranging from 25 g/ml to 2 mg/ml were unsuccessful. Early infection thread abortion and lack of colonization of the infection thread could be prevented by coinoculation of exo5 with R. leguminosarum LPR5045, which normally produces EPS but lacks the pRL1JI Sym plasmid. Nodulation of coinoculated roots was studied by using lacZ-labeled exo5 bacteria and unlabeled LPR5045 bacteria. The ratio of EPS-producing bacteria to Nod factor-producing bacteria inside the infection thread appeared to be a critical factor for successful infection thread formation. Many of the induced infection threads aborted either in the root hair or in the first cortical cell layers. A majority of these aborted infection threads were ultimately populated by one of the two bacterial strains. If large numbers of exo5 cells were present in the infection thread, the bacteria were strongly agglutinated ( Fig. 4C and  D) . In some cases, infection thread formation was successful (Fig. 4B) , and small white nodules formed along the root. After 21 days, both small white nodules and elongated pink nodules were present on a coinoculated root. The pink color of some root nodules indicated the presence of leghemoglobin, which is necessary for nitrogen fixation in an oxygen-deprived environment (3). To test whether nitrogen-fixing nodules on coinoculated roots resulted from conjugation of the pRL1JI Sym plasmid to strain LPR5045, pink nodules were surface sterilized and crushed to release the bacteria. The bacteria were transferred to YMB medium plates containing spectinomycin, the resistance marker of the pRL1IJ Sym plasmid, and screened for the production of EPS. EPS-producing, spectinomycin-resistant bacteria could be isolated from pink nodules, indicating that the Sym plasmid was transferred from strain exo5 to strain LPR5045. Inoculation of V. sativa roots with these reisolated bacteria resulted in nodule formation within 7 days. Surface-sterilized small white nodules did not release EPS-producing, spectinomycin-resistant bacteria. The absence of leghemoglobin and the lack of an elongated nodule shape suggested that exo5 bacteria were not successfully released into the nodule cells. Impaired release of bacteria can be caused by the absence of uronic acid in the LPS molecule, as described previously for S. meliloti (14, 41) , or by the absence of CPS and EPS (40) . Coinoculation of LPR5045 with another EPS-deficient strain with intact LPS, such as the pssD mutant, gave results identical to those observed with exo5 and LPR5045. Both small white nodules and elongated pink nodules were present on the main roots, and the pink nodules were the result of transfer of the Sym plasmid.
Sections of 21-day-old, small, white nodules induced either by exo5 and LPR5045 or by the pssD mutant and LPR5045 showed that there were infection threads in the infection zones of the nodules. Figure 5 shows that in contrast to wild-type strain RBL5523-induced nodules, only a few cells inside a nodule were infected with bacteria. This indicates that there was inefficient endocytosis of EPS-deficient strains, such as the EXO5 and PSSD strains, resulting in reduced host cell invasion. Some cells had a central vacuole, and the cytoplasm was packed with bacteria. However, differentiation into bacteroids could not be detected. Lack of bacteroid differentiation coincided with senescence of the infected cells. Most of these cells closely resembled degenerate cells present in the zone of senescence in wild-type nodules (Fig. 5) .
DISCUSSION
The EPS deficiency of R. leguminosarum strains exo5 and exo54 appeared to be caused by Tn5 integration in a single gene, exo5, which has high structural and functional homology to the S. meliloti rkpK gene (37) . The rkpK gene encodes a UDP-Glc dehydrogenase involved in the production of E. coli K-antigen-related CPS, which is present in some rhizobial species, such as S. meliloti and Sinorhizobium fredii (37, 58) . However, until now K-antigen-like polysaccharides in R. leguminosarum have not been reported (38) . The observed homology between exo5 and rkpK suggests that exo5 encodes a UDP-Glc dehydrogenase. A putative dehydrogenase function for exo5 (as well as for rkpK) is supported by the presence of 20 of 22 strictly conserved amino acid residues identified in 47 different dehydrogenases (15) . Amino acid alignment data for these dehydrogenases suggested that an arginine around position 244 is a determinant of substrate specificity that is conserved in UDPGlc and UDP-N-acetylmannosamine dehydrogenases (15) . The proteins encoded by both exo5 and rkpK contain this amino acid at positions 247 and 249, respectively. Since N-acetylmannosaminuronic acid has not been identified in the different polysaccharides of R. leguminosarum, exo5 likely encodes a UDP-Glc dehydrogenase. UDP-Glc dehydrogenase is responsible for the oxidation of UDP-Glc to UDP-GlcA. This oxidized saccharide can be converted into UDP-GalA, for example, by a gene product equivalent to that of the S. meliloti lpsL gene (37) . As a result, an exo5 mutant has a pleiotropic phenotype and is affected in GlcA-and GalA-containing polysaccharides, such as EPS, CPS, and LPS. In contrast to the pss and psi genes (9, 40, 45, 68) , exo5 is not directly involved in the production of EPS in R. leguminosarum. The absence of GlcA in exo5 bacteria, specifically in the backbone of the EPS molecule, blocks assembly of the EPS molecule, resulting in an EPS-deficient phenotype.
Polysaccharides isolated from washed R. leguminosarum cells by the method of Breedveld et al. (13) are often referred to as CPS. Our results show that depending on the age of the bacterial culture, CPS can consist of different polysaccharides. Until the early stationary phase of a culture of wild-type bacteria, a neutral glucan consisting of 100% glucose and an acidic polysaccharide whose carbohydrate composition closely resembles that of EPS are both present in the CPS fraction. The neutral glucan may be a cyclic ␤-1,2-glucan, as previously identified for different Rhizobium species (12) , and its secretion has been reported to be enhanced in cultures of EPS-deficient rhizobia (11) . As judged from the data obtained from NMR studies and methylation analysis of the acidic CPS, we concluded that CPS is similar if not identical to EPS (Fig. 1) . In the early 1980s, anionic CPS and EPS were reported to be strikingly similar in terms of glycosyl composition and structure (1, 17) . Differences in noncarbohydrate substitutions, such as O-acetyl, pyruvate, and 3-hydroxybutyrate, may distinguish anionic capsule-bound polysaccharides from secreted EPS (32) . Since the sugar compositions of EPS and anionic CPS are similar, mutations that normally affect EPS production also affect the production of the anionic CPS. As a result, a CPS fraction from EXO5 or PSSD bacteria consists solely of neutral glucan. In late-stationary-phase cultures, the anionic CPS is replaced by capsule-bound, gel-forming polysaccharides, which we found in capsular fractions of both wild-type bacteria and EPS-deficient strains, such as the PSSD and EXO5 strains. This is consistent with the structure of the gel-forming polysaccharide molecule, which lacks both GlcA and GalA (74) .
Carbohydrate composition analysis of exo5 LPS revealed that the molecule is devoid of GalA, which is normally present in the core and lipid A of R. leguminosarum and R. etli LPS molecules (18, 27, 33) . Glc and QuiNAc identified in both wild-type and exo5 LPS samples likely originated from the Ochain part of the molecule. QuiNAc has been identified previously as a component of R. leguminosarum bv. trifolii LPS (19) . From the carbohydrate composition analysis and the LPS PAGE profiles, we concluded that the exo5 strain is able to produce a smooth-type LPS I molecule similar to that of the wild-type bacterium RBL5523. An increased amount of Ochain-deficient LPS II, identified in LPS samples from exo5 bacteria, suggests that addition of an O chain to an LPS core, lacking GalA, is less efficient. A similar situation has been described for R. etli mutant CE358, which lacks a single GalA molecule in the LPS core and shows reduced O-chain addition (18, 59) .
EXO5 bacteria showed increased sensitivity to SDS (MIC, 0.12 mg/ml). Wild-type MICs (0.20 mg of SDS per ml) were observed after introduction of either exo5 or rkpK and with the EPS-deficient pssD mutant, whose LPS is not affected. Also, the O-chain-defective exoB mutant, whose acidic LPS core is largely intact, did not show increased sensitivity to SDS, indicating that the polysaccharide O chain is not involved in SDS resistance. The presence of GalA moieties in the core of R. leguminosarum LPS probably confers stability to the outer membrane of the bacterium. The presence of a negatively charged inner core in the LPS molecule is common among a wide range of bacterial species and is generally associated with resistance to antimicrobial compounds (26) . Our data are strikingly similar to those obtained for some enteric bacteria, such as E. coli and Salmonella, which obtain a negatively charged LPS core by phosphorylation of inner core heptose residues. Bacteria deficient in core phosphorylation showed increased sensitivity to hydrophobic compounds and only a slightly decreased efficiency for O-chain addition (55, 72) . Divalent cations, which have been suggested to be incorporated into the LPS layer (30) , could be provided either by the environment or by a specific cation exporter, such as CpaA (2) .
Strains of R. leguminosarum completely deficient in EPS production induce formation of a few or no aborted infection threads in their host plants. Mutant exo5 is not different in this respect. exo5 bacteria stay fixed inside a root hair curl and fail to colonize an infection thread, and there is limited growth of the infection thread as a result. Successful infection thread formation could be obtained only by coinoculation with a Sym plasmid-cured, EPS-producing strain. Infection thread formation via coinoculation was shown to be a delicate process. If one of the two strains takes over colonization of the infection thread, the infection process is aborted, with strong agglutination of the EPS-deficient strain as a result. Apparently, an EPS or CPS capsule surrounding the bacteria prevents agglutination of the bacteria and stimulates colonization of the infection thread. Secreted EPS produced inside the infection thread might prevent the bacteria from being cross-linked in the infection thread matrix by plant-derived molecules, such as matrix glycoproteins. These glycoproteins are thought to adhere to negatively charged residues, such as those present on the bacterial surface and also in EPS (56) . EPS and CPS might also suppress host plant defense responses which could be elicited by components of the bacterial cell wall, such as LPS (25, 49) . Attempts to restore infection thread formation by exogenously adding purified EPS were unsuccessful. Apparently, purified EPS did not reach entrapped EPS-deficient rhizobia to prevent agglutination.
V. sativa subsp. nigra roots coinoculated with both the EPSdeficient pssD mutant and LPR5045 showed the same nodulation phenotype as roots coinoculated with EXO5 and LPR5045. Sections of the nodules showed that there was severely reduced release of bacteria inside the nodule cells. The bacteria failed to differentiate into bacteroids. Since the nodule (40) . Due to the reduced release of EPS-deficient bacteria in nodules, we were unable to attribute a specific nodulation phenotype to the absence of GalA in the LPS core of exo5. An lpsB mutant of S. meliloti, in which the core of the LPS molecule lacks uronic acids, failed to colonize nodule cells. lpsB mutant bacteria were unable to survive under the conditions encountered in the nodule cells and were degraded (14, 41) . Our results suggest that EPS or CPS is necessary for successful infection thread colonization because it prevents autoagglutination of bacteria. Smit et al. (62) have shown that R. leguminosarum RBL5523 produces a large amount of cellulose fibrils on the bacterial surface, which can cause bacterial agglutination in liquid culture. Production of EPS in the infection thread by the coinoculated partner might prevent cellulosemediated agglutination of the EPS-deficient bacteria. At the point of release inside the nodule cells, each bacterium is separately enclosed by a plant membrane, making EPS complementation impossible and resulting in subsequent degradation of the bacteria. The presence of EPS or a CPS capsule surrounding the released bacteria may prevent direct contact between the rhizobia and the plant membrane, thereby preventing a possible plant defense response. The data presented here indicate that EPS and CPS production is essential for infection thread colonization, as well as survival inside the nodule cells.
